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floor plate and the roof plate initiate genetic cascadesTogether at Last: bHLH and
that in turn establish discrete and unique progenitorLIM-HD Regulators Cooperate domains along the dorsoventral axis (Jessell, 2000). Nu-
merous bHLH genes not only participate in the definitionto Specify Motor Neurons
of these progenitor domains, but also function as classi-
cal proneural factors and in the specification of neuronal
and glial subtypes (Kessaris et al., 2001; Marquardt and
bHLH and LIM-HD transcription factors were originally Pfaff, 2001). Analysis of their function in motor neuron
thought to act at different stages of neurogenesis: specification has proven particularly illuminating. The
bHLHs as neuronal “inducers” and LIM-HDs as post- bHLH gene Olig2 is specifically expressed within the
mitotic subtype determinants. These distinctions are spinal motor neuron and oligodendrocyte progenitor do-
becoming blurred, and a current study by Lee and Pfaff main, the pMN. Mutant analysis indicates that Olig2 is
in this issue of Neuron shows that interaction between essential for both motor neuron and oligodendrocyte
generation. The bHLH gene Ngn2 and the homeodomainthese factors functions to synchronize neurogenesis
gene Nkx2.2 participate in shaping the outcome of Olig2with neuronal cell type specification.
activity in this context. Olig2 activates Ngn2 in the pMN
domain, and both are essential for proper motor neuronThe nervous system contains enormous cellular di-
generation. Subsequently, Ngn2 is downregulated asversity. Two important families of regulators acting to
Nkx2.2 becomes upregulated in the pMN domain.generate diversity in the nervous system are the basic
Nkx2.2 then acts together with Olig2 to generate oligo-helix-loop-helix (bHLH) and LIM-homeodomain (LIM-
dendrocytes. The surprising conclusion that Olig2 actsHD) transcription factors. The bHLH factors have tradi-
as an obligatory determinant for these entirely differenttionally been viewed as “generic” proneural factors, act-
cell fates is a clear example of the importance of cellularing within the Notch pathway to single out neuronal
context and the flexibility of bHLH gene function.progenitors and promoting their subsequent differentia-
Although a proneural role appears to be a featuretion. However, increasing evidence points to a more
common to many bHLH genes studied, their selectivespecific role for bHLH genes in the establishment of
expression in different progenitor and postmitotic cellsunique cell fates. The precise mechanisms underlying
has been provocative and suggested a subtype-the specific function of any given bHLH gene in neuronal
determining function. Such a selective role of individualsubtype specification are not fully resolved, but growing
bHLH genes has become increasingly evident. One clearevidence points to their intersection with locally ex-
example of such specificity, with respect to motor neu-pressed homeodomain regulators (Bertrand et al., 2002).
ron generation, comes from elegant studies whereinLIM-HD genes have been found to play important roles
Mash1 and Ngn2 were knocked in to one another’s locus
during nervous system development, typically acting
(Parras et al., 2002). These experiments revealed that
postmitotically to specify neuronal identities (Hobert
although the proneural activities of Mash1 and Ngn2
and Westphal, 2000). Most LIM-HD genes are required were indistinguishable, they each had unique functions
for the specification of several different types of neu- with respect to cell type specification in the ventral spi-
rons, and thus must act in a context-dependent fashion, nal cord.
requiring other factors to achieve specificity. In develop- LIM-Homeodomain Factor: Subtype “Specifier”
ing motor neurons, other LIM-HD genes themselves pro- Seeking Partners for Temporal Cue
vide such interactive partners, and an evolutionary con- In the developing chick and mouse spinal cord, the Lhx3
served LIM-HD combinatorial code has been shown to LIM-HD gene is expressed in motor neuron progenitors
act to specify motor neuron subclass identities (Thor and together with the Isl1 LIM-HD gene in postmitotic
and Thomas, 2002). motor neurons. Mutations in these genes have profound
The immediate appearance of subtype-defining LIM- effects on motor neuron generation and differentiation
HD codes in early postmitotic motor neurons suggests (Jessell, 2000). One key role for Isl1 and Lhx3 is to acti-
that motor neuron specification is tightly coupled to cell vate the Hb9 homeobox gene specifically in postmitotic
cycle exit and commitment to a general neuronal fate, motor neurons. Hb9 in turn is both necessary and to
events that are often controlled by bHLH genes (Ber- some extent sufficient for proper motor neuron specifi-
trand et al., 2002). However, how LIM-HD and bHLH cation. Identification of the Hb9 motor neuron enhancer
genes intersect to coordinately control these events has allowed for the molecular elucidation of how Isl1 and
been largely unknown. A study in this issue of Neuron Lhx3 activate Hb9 expression. Resolving this issue was
now shows how regulators of these two families cooper- complicated by the fact that Isl1 and Lhx3 were known
ate to regulate a motor neuron-specific determinant, to directly bind to each other, and that both of these
thereby synchronizing cell cycle exit with cell fate acqui- LIM-HD proteins could in turn interact with NLI (Ldb1/
sition (Lee and Pfaff, 2003). CLIM2, or Chip in Drosophila). NLI is a self-dimerizing
bHLH Factor: Generic “Proneuralist” Seeking adaptor protein that binds the LIM domains of all nu-
Partners for Subtype Specification clear-class LIM domains. Structure-function studies led
Studies of spinal cord development over the last decade to the surprising finding that a hexameric protein com-
plex of 2NLI:2Isl1:2Lhx3 was the active complex thathave shown that signals emanating from the notochord/
Neuron
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binds to and directly activates the Hb9 enhancer (Thaler upon cell cycle exit. The study by Lee and Pfaff shows
how these events are mechanistically coupled by theet al., 2002).
simultaneous action of bHLH and LIM-HD proteins ontoTogether at Last: bHLH and LIM-Homeodomain
the enhancer of a cell type determinant, Hb9. Given theRegulators Cooperate to Synchronize Neurogenesis
large number of discretely expressed bHLH and LIM-with Cell Type Specification of Motor Neurons
HD genes in the developing nervous system, it will beA study in this issue of Neuron addresses the interplay
important to learn if this strategy is widely used to linkbetween bHLH and LIM-HD proteins in the developing
cell cycle exit and neurogenesis with cell fate specifi-chick spinal cord (Lee and Pfaff, 2003). One additional
cation.player in this study, not discussed above, is the bHLH
Recent studies show that Drosophila members of thegene NeuroM (Math3). The expression of NeuroM
bHLH family, Achaete, Scute, and Daughterless, can allthroughout the spinal cord is similar to that of Ngn2,
directly interact with the Drosophila NLI protein Chipbut its precise role during motor neuron specification
(Ramain et al., 2000). It is currently unclear whether thehad not been previously addressed (Roztocil et al.,
interaction between these bHLH proteins and Chip1997). Using a number of different approaches, a con-
blocks interactions between Chip and LIM domain pro-vincing link between Ngn2, NeuroM, and Isl1/Lhx3/NLI
teins. It nevertheless raises the possibility that NLI mayis identified, showing that these factors can act in a
act as a bridge between two bHLH dimers (i.e.,combinatorial manner to directly activate the Hb9 gene
2NLI:4bHLH) and perhaps even between bHLHs andand trigger overt motor neuron differentiation (Lee and
LIM-HDs (e.g., 2NLI:2bHLH:1-2LIM-HD). It is likely thatPfaff, 2003). This study provides at least part of the
differences in the precise complexes formed would re-molecular explanation regarding how the decision to
sult in unique activities, perhaps even within the veryexit the cell cycle and become “a neuron” is synchro-
same cell. If the bHLH proteins discussed here, Olig2,nized with the decision of which neuronal subtype to
Ngn2, and NeuroM, can indeed bind to NLI, a remarkablebecome: only when NeuroM is present together with the
number of protein complexes could form in motor neu-2NLI:2Isl1:2Lhx3 complex is the Hb9 enhancer activated
ron progenitors and postmitotic motor neurons. It willand motor neuron differentiation initiated.
be interesting to learn which, if any, of such complexesOne particularly exciting finding in this study is the
form in vivo and what their precise functions during
demonstrated potency of Isl1, Lhx3, and NeuroM to
neuronal subtype specification may be. Furthermore,
combinatorially and with high penetrance to trigger ex-
NLI is a promiscuous adaptor protein that interacts with
pression of HB9 in a P19 embryonal carcinoma line;
several other classes of transcriptional regulators, thus
60% of transfected P19 cells activate the Hb9 gene. further increasing the variety of possible complexes
Moreover, these Hb9 tissue culture cells displayed (Bertrand et al., 2002). It is tempting to speculate that
other expected properties of motor neurons: they stop NLI dimerization may serve as a template upon which
dividing and express neurofilament and -tubulin, as multiple types of developmental inputs can be inte-
well as the vesicular acetylcholine transporter (VAChT). grated, as appears to be the case in the Drosophila wing
Furthermore, the Isl1/Lhx3/NeuroM-triggered differenti- disc (Heitzler et al., 2003). As clearly demonstrated in
ation of P19 cells into “motor neurons” was not depen- this study, the continued identification of cell-specific
dent upon classical neural inducing agents such as reti- enhancers will help clarify these issues and resolve the
noic acid. The implications of these findings with respect precise roles that the many regulators of neuronal iden-
to stem cell biology and spinal cord therapy are far tity play.
reaching.
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J.M. (1997). Development 124, 3263–3272. lation of slices also leads to up- or downregulation of
Thaler, J.P., Lee, S.K., Jurata, L.W., Gill, G.N., and Pfaff, S.L. (2002). filopodia motility through kainate receptor-mediated
Cell 110, 237–249. mechanisms. As mossy fiber terminals contain kainate
Thor, S., and Thomas, J. (2002). Curr. Opin. Genet. Dev. 12, 558–564. receptors, these results provide strong evidence sug-
gesting that glutamate activation of these receptors on
presynaptic terminals plays an important role in regulat-
ing filopodia motility.
This finding by Tashiro et al. of a bidirectional regula-Glutamate-Dependent Stabilization tion of filopodia motility through kainate receptor activa-
of Presynaptic Terminals tion provides interesting insights into the role of neuronal
activity in the formation of neuronal circuitry. Their work
suggests that the environmental milieu could alter the
level of neuronal activity, thus influencing the effects of
activity-dependent regulation of filopodia motility. ForDissecting the mechanisms underlying synapse for-
example, in young slices, the larger extracellular spacemation and elimination is fundamental to understand
could significantly dilute glutamate released from pre-how the nervous system is constructed and subse-
synaptic terminals. These low glutamate concentrationsquently modified. Two studies by Tashiro et al. and by
would then increase filopodia motility, allowing filopodiaHashimoto and Kano in this issue of Neuron provide
to explore the surrounding environment and find theirnew insights into the roles of neurotransmitter gluta-
synaptic partners. As animals age and the extracellularmate release in regulating the motility of hippocampal
space decreases, the resulting increase in extracellularmossy fiber filopodia and synaptic competition among
glutamate concentration could then stabilize filopodia,climbing fibers.
allowing them to make long-term connections. In addi-
tion, various neurotransmitters have been shown to ei-During the development of the nervous system, axonal
ther up- or downregulate neurite outgrowth and spinegrowth cones migrate over long distances to make con-
dynamics in other systems (for review, see Lipton andtact with their postsynaptic partners. In this initial phase
Kater, 1989; Segal and Andersen, 2000). For example,of synaptogenesis, both pre- and postsynaptic struc-
the motility of axonal filopodia in hippocampal culturestures are highly motile, presumably to facilitate this
is inhibited by glutamate through AMPA/Kainate recep-matching process. Many of these early-formed synaptic
tors (Chang and De Camilli, 2001). Individual spines inconnections, however, are eventually eliminated in order
hippocampal cultures can undergo either elongation orto establish precisely connected neuronal circuitry. A
shrinkage, depending on the duration of glutamate ap-large body of evidence indicates that neuronal activity
plication (Korkotian and Segal, 1999). These studiesis essential for regulating pre- and postsynaptic motility
suggest that bidirectional regulation of filopodia motilityduring synapse formation and elimination (Yuste and
via neurotransmitters could be a common mechanism
Bonhoeffer, 2001). Although neurotransmitters, as key
in a variety of systems.
mediators of neuronal activity, play important roles in
The mechanisms underlying the bidirectional regula-
neuronal outgrowth and plasticity (Lipton and Kater,
tion of filopodia motility remain unclear. Tashiro et al.
1989), the precise nature and time scale of their effects showed that the increased filopodia motility is blocked
on the formation and refinement of synaptic connections by Ni2 while the reduced motility is blocked by TTX
remain unclear. and Pertussis toxin, suggesting that different regulatory
In this issue of Neuron, Tashiro et al. (2003) describe mechanisms within mossy fiber filopodia underlie kai-
the role of synaptic activity in regulating the motility of nate receptor-dependent filopodia motility. However,
hippocampal mossy fiber filopodia in brain slices. While signaling mechanisms are likely to be complex because
previous studies have mainly focused on the formation CA3 pyramidal neurons postsynaptic to mossy terminals
and plasticity of postsynaptic spines, little is known also contain kainate receptors, and thus receptor activa-
about the behavior of presynaptic axonal terminals and tion could regulate motility indirectly, e.g., by factors
the regulation of such behavior during synaptogenesis. released from other cell types within the brain slices.
By imaging over time green fluorescent protein-trans- Direct examination of filopodial response to glutamate
fected hippocampal mossy fibers with two-photon mi- in a simpler system such as dentate granule cell cultures
croscopy, Tashiro et al. demonstrate that axonal filo- could be helpful in addressing this issue. Finally,
podia, initially highly dynamic in young brain slices, changes in intracellular calcium levels, which have been
become significantly less motile in more mature slices. implicated in neurite outgrowth, growth cone guidance,
Combining time-lapse fluorescence imaging, electron and the dynamics of pre- and postsynaptic structures
microscopy, and immunocytochemistry approaches, (Lipton and Kater, 1989; Gomez and Spitzer, 2000; Segal
the authors further reveal that the stabilization of filo- and Andersen, 2000), could serve as a common mecha-
podia correlates with a decrease in the extracellular nism that underlies the diverse effects of neurotransmit-
space and the formation of contacts with postsynaptic ters on pre- and postsynaptic motility.
interneurons. Importantly, the regulation of filopodia As key mediators of neuronal activity at synapses, it
motility is modulated by glutamate activation of kainate is probably not surprising that neurotransmitters also
receptors in a bidirectional manner: low kainate concen- play important roles in the subsequent strengthening
tration (1 M) in slices results in increased filopodia and weakening of existing synapses. In another elegant
study in this issue of Neuron, Hashimoto and Kanomotility while high concentration (10 M) leads to filo-
